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We study standard quantum teleportation of one-qubit state for the situation in which the channel is 
subject to decoherence, and where the evolution of the channel state is ruled by a master equation in the 
Lindblad form. A detailed calculation reveals that the quality of teleportation is determined by both the 
entanglement and the purity of the channel state, and only the optimal matching of them ensures the 
highest fidelity of standard quantum teleportation. Also our results demonstrated that the decoherence 
induces distortion of the Bloch sphere for the output state with different rates in different directions, which 
implies that different input states will be teleported with different fidelities. 
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1. Introduction 
Quantum teleportation, which uses prior shared entanglement between the sender (traditionally 
named Alice) and the remote receiver (named Bob) as resource, is arguably the most fascinating 
features and potential applications of quantum mechanics in quantum information science [1]. 
This protocol enables the recreation of an arbitrary unknown quantum state at a remote place with 
the help of local quantum operations (i.e., Bell measurements, Pauli rotations, et al.) and classical 
communication and without the need of transferring any particles physically. 
Since the seminal work of Bennett et al. [1], teleportation of single-body quantum state via 
single quantum channel has received extent investigations both theoretically and experimentally 
(see, e.g., Refs. [2, 3], and references therein). Moreover, teleportation of a quantum state using the 
mixed entangled state as resource has been theoretically studied recently [4]. Also teleportation of 
an entangled two-body pure state by using two copies of Werner states as noisy quantum channels 
was considered by Lee and Kim [5], and they found that the entanglement of the two-qubit state is 
lost during the teleportation process even when the channel has nonzero quantum entanglement. 
Besides these, it is shown in Refs. [6, 7] that standard teleportation with an arbitrary entangled 
mixed state resource is equivalent to a generalized depolarizing channel with probabilities given 
by the maximally entangled components of the resource. 
Of the many schemes proposed for teleportation, the scheme for teleporting the one-qubit state 
using the thermally equilibrium state generated by Heisenberg interactions in solid state systems 
has been theoretically demonstrated in Refs. [8–13]. In addition, entanglement teleportation (as 
the name implies, entanglement teleportation means teleporting an entangled quantum state) of 
various two-qubit states through two independent Heisenberg chains have also been investigated 
recently [14–16]. These investigations reveal several interesting aspects of quantum entanglement 
not reflected by the concurrence [17] of the state. Particularly, sometimes a more entangled state 
can even not be able to ensure quantum teleportation with fidelity (see Section 2) better than a less 
entangled one, this leaves open the question what is the underlying physical essence behind these 
counterintuitive phenomena, or in other words, which quantity determines quality of the teleported 
state except entanglement of the resource? 
                                                        
* E-mail: mingliang0301@xupt.edu.cn, mingliang0301@163.com (M.-L. Hu) 
 - 1 -
Although the previous results showing that the thermally mixed entangled states can enable 
quantum teleportation with fidelity better than that obtained only by classical communication, the 
practical implementation of these protocols has to face the facts that real quantum systems can 
never be perfectly isolated from the surrounding world, which may impacts on the fidelity of the 
expected outcomes [5, 6]. Indeed, Oh et al. have demonstrated that the type of noises acting on the 
quantum channels determines the range of states that can be accurately teleported [18]. Moreover, 
Jung et al. examined quantum teleportation of one-qubit state with a noisy EPR state and showed 
analytically that all entanglement measures decay to zero when the average fidelity is smaller than 
, and thus the entanglement can be regarded as a genuine resource for teleportation [19]. Also 
Jung et al. examined two-party quantum teleportation via mixed state quantum channels generated 
by different noises acting on the initial Greenberger-Horne-Zeilinger (GHZ) and W states [20], 
through which they demonstrated explicitly that the robustness between GHZ and W states in 
quantum teleportation depends on the noisy types. Moreover, teleportation with the common spin 
environment acting on the qubits in possession of Alice has also been theoretically studied [21]. 
2/3
Motivated by the above works, in this paper we present our results on standard teleportation of 
one-qubit state via the mixed state quantum channel generated from the two-qubit Heisenberg XY 
chain. In contrast to the bulk of the previous studies, we consider the case that the channel state 
subjects to decoherence and its evolution is ruled by a master equation in the Lindblad form [22]. 
Although the model we considered is somewhat similar to that in Ref. [18], we concentrated on, 
however, different system-environment coupling mechanisms (see Section 2 for more detail). We 
find that the larger amount of quantum entanglement does not always yield the better teleportation 
fidelity, in accordance with Ref. [9]. In fact, as indicated in the following text, the quality of the 
teleported state is determined by both the entanglement and the purity of the channel state, and 
only the optimal matching of these two quantities ensures the highest fidelity of standard quantum 
teleportation. 
2. The Formalism 
In the present paper, we examine efficiency of quantum teleportation of one-qubit state via the 
standard protocol  [1], and with the addition of the anisotropic two-qubit system (serves as the 
quantum channel) subject to decohering environment, and governed by the flowing Heisenberg XY 
Hamiltonian 
0P
   1 1 2 2ˆ
2 2A B A B
J JH Δ Δσ σ σ σ+ −= + ,                         (1) 
where  and are the coupling strengths in the x and y directions, respectively, 
with the parameter 
( ) /J Δ+ 2 2( ) /J Δ−  
Δ  measures the anisotropy of the system in the x - y  plane and equals to 0 
for the isotropic XX model and J±  for the Ising model. iασ  ( 1, 2, 3i = ) signify the usual Pauli 
operators at site , A Bα = . 
The main purpose of this work is to examine the physical role of decoherence in the process of 
quantum teleportation. In order to address this issue it is convenient to assume that each individual 
spin of the system that constitute the quantum channel interacts independently with the decohering 
environment, then under the assumption of Markov and Born approximations and after performing 
the partial trace over the environmental degrees of freedom, the dynamical behaviors of this open 
quantum system can be described by the following master equation in the Lindblad form [22] 
 ˆ[ , ]
2
c
cd i H  
dt α α
cρρ ρ γ= − +  ∑L ,                          (2) 
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where cρ  and  denote, respectively, the density matrix of the system and the coupling strengths 
of the qubits with their respective environments (i.e., we assume the same system-environment 
coupling strengths for the two qubits involved in the channel). The Lindblad superoperator 
γ
αL  
[22] is defined by , with the brace  denotes anticommutator, 
and in contrast to Ref. [18], the system-environment coupling operators here are expressed in 
terms of the raising and lowering operators  as 
† †(2 { , })   c cn n n n nc c c cα ρ ρ= −ΣL cρ
/iσ σ σ± = ±   c
{ }
nc  
1 2( ) 2α α α ασ −=
c
 for the dissipative 
environment (i.e., zero temperature reservoir), 1 ασ −= 2c and ασ +=
c
 for the noisy environment 
(i.e., infinite temperature reservoir), and ασ ασ+ −=  for the dephasing environment [23]. 
   Without loss of generality, we consider as input the one-qubit state needs to be teleported to 
Bob in the form of , where | cos( / 2 | 0 sin( / 2 |1iin e φθ θ 〉 = ) 〉 + ) 〉ϕ  [0, ]θ π∈  and  [0, 2 ]φ π∈  
are the polar and azimuthal angles, respectively. Then when the state cρ  described by Eq. (2) acts 
as the quantum channel, by adopting the standard teleportation protocol , one can obtain the 
explicit form of the output state at the receiver Bob’s hands as [6] 
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( )
Bell Bell
  0
 | ( ) |m k m k mc kout in
k
tρ ρ kψ ψ σ ρ σ⊕ ⊕
=
= 〈 〉∑ .                   (3) 
Here  ( ) represents summation modulus 4, and . Moreover, 
 ( ) in Eq. (3) denote the familiar four maximally entangled Bell states which 
are given by 
k m⊕ 0,1, 2,3  m =  |in in in ρ  = 〉〈ϕ ϕ |
Bell| iψ 〉 0,1, 2,3   i =
0, 3
Bell       | ( | 00 |11 ) /   ψ  〉 = 〉 ± 〉 2 , and 1, 2Bell     | ( | 01 |10 ) /  ψ 〉 = 〉 ± 〉 2 . Note that although 
the expression of Eq. (3) is somewhat different from that of Eq. (20) in Ref. [11], they are 
essentially the same. 
If one defines Bell Bell| ( ) |i c ii tψ ρ ψ= 〈 〉χ , then we obtain 
0,3 11 44 14 41
1,2 22 33 23 32
[ ( ) ( ) ( ) ( )],
[ ( ) ( ) ( ) ( )
c c c c
c c c c
t t t t
t t t t
ρ ρ ρ ρ
ρ ρ ρ ρ
1= + ± ±2
1= + ± ±2
χ
χ ],
k
                    (4) 
from which Eq. (3) simplifies to 
3
( )( )
 0
mm k
out k in
k
ρ σ ρ σ
=
= ∑χ ,                            (5) 
where we have used the notation . ( )mk k ⊕=χ χ m
To characterize the quality of the teleported state ( )moutρ  in decohering environments, it is often 
quite useful to look at the fidelity [24] between the input state inρ  and the output state ( )moutρ , 
defined as . This quantity gives the information of how close the teleported 
state 
( ) ( )| |m min out inf ρ= 〈 〉ϕ ϕ
( )m
outρ  is to the unknown state inρ , i.e., they are equal when ( ) 1mf =  and orthogonal when 
. For , from Eq. (5) one can derive the teleportation fidelity ( ) 0mf =  |in in in ρ  = 〉〈ϕ ϕ | ( )mf  as 
( ) 2 2
0 1 3
( ) ( ) ( ) ( )2 2 2
2sin cos sin sin cosm
m m m mf θ φ θ φ= + + +χ χ χ χ θ , by combination of which with 
( ) ( )(1/ 4 ) sinm mF f d dπ θ θ φ= ∫  (with 4π  being the solid angle) one can obtain 
( )
( ) ( ) ( ) ( ) 0( )
0 1 2 3
2 11[ ]
3
m
m m m mmF
3
+= + + + = χχ χ χ χ ,                  (6) 
where ( )mF  is the average fidelity (the fidelity ( )mf  averaged over all possible pure input states 
 on the Bloch sphere), and we have used the equality | in 〉ϕ  ( )3 0 1mi i= =Σ χ  in deriving the above 
equation. For a given channel state , one can implement the standard quantum teleportation 
protocol  by choosing certain values of  (
( )c tρ
 0P m 0,1, 2, 3  m = ) to maximize the average fidelity, or 
in another word, the maximum average fidelity achievable is given by 
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 2 [ ( )] 1
3
c tF ρ += F ,                               (7) 
where the fully entangled fraction is expressed as 
( )
00,1,2,3 0,1,2,3
 [ ( )] max { } max { }mc mm mtρ = == =F χ χ
/ 2
.                     (8) 
Eq. (7) gives the maximal average fidelity achievable from  via the standard teleportation 
protocol [6, 7]. In order to teleport  with fidelity better than purely classical communication 
protocol, we require Eq. (7) to be strictly greater than  [25]. 
( )c tρ
| in 〉ϕ
2 / 3
On the other hand, it is well known that the one-qubit state can also be expressed neatly in the 
Bloch sphere representation as   ( )I rρ σ= + iK K , where ( , , )r x  y  z=K  is the real three-dimensional 
Bloch vector for the geometric description of quantum information (when  | |   1r  =K  the state ρ  is 
pure, and when | |   1r  <K  it is mixed). I  is the 2 2×  identity matrix, and 1 2 3( , , )σ σ σ σ=K  are 
the familiar Pauli operators. If the explicit form of ρ  is known, then the components of the Bloch 
vector  can be expressed in terms of the matrix elements of rK ρ  as 12 212 Re( ) 2 Re( )x ρ ρ= = , 
12 212 Im( ) 2 Im( )y ρ ρ= − = , and 11 222 1 1 2z ρ ρ= − = −  [with  and  represent the 
real and imaginary part of ]. For the special case 
Re( )a Im( )a
a inρ ρ=  (i.e., the state ρ  is pure) the above 
three expressions simplify to 0 sin cosx θ φ= , 0 sin siny θ φ= , and 0 cosz θ= . 
If the system is ideally protected from its surrounding environment and any other disturbances, 
then the single-qubit state inρ  can be perfectly teleported from Alice to Bob by using any one of 
the four maximally entangled Bell states as the quantum channel [1]. However, in the real 
circumstance, the quantum channel is inevitably subject to decoherence and decay process, which 
induces the distortion of the Bloch sphere for outρ , and thus the perfect quantum teleportation of 
one-qubit state cannot be achieved. For the standard teleportation protocol , the components of 
the Bloch vector in the three directions can be obtained from Eq. (5) as 
0P
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= − − +
χ χ χ χ
χ χ χ χ
χ χ χ χ
y                       (9) 
In the present work, we would like to investigate decay dynamics of average fidelity when the 
standard teleportation protocol  is executed in the presence of dissipative, noisy and dephasing 
environments [23]. For every type of environment, we analyze the case that both the two qubits 
involved in the quantum channel subject to decoherence. This consideration is stimulated by the 
observation that in the real experiments, the entangled state resource used for teleportation may be 
prepared initially by a third party who then sends one qubit to Alice and the other one to Bob to 
establish the shared entangled state. During the transmission process, the qubits must be exposed 
to decohering environments, and degrade quantum entanglement between them. 
 0P
3. Teleportation in dissipative environment 
In this section, we would like to explore effects of dissipative environment on average fidelity 
when the teleportation is performed via the standard protocol  and the two-qubit state  
is used as the resource. For simplicity, we consider the initial channel state to be the so-called X 
state [26], i.e., the bipartite density matrix  only contains nonzero elements along the main 
diagonal and anti-diagonal. For this case, by solving the master equation expressed in Eq. (2) one 
can obtain all nonzero elements of  analytically, whose explicit expressions are 
0P ( )c tρ
(0)cρ
( )c tρ
 - 4 -
  
 
 
2
11 44 11 2 1 2
14,41 14 41 2 1 1
22,33 11 44 22 33 23 32
  
  
( ) ,  ( ) ( ) [ cos(2 ) sin(2 )] ,  
1( ) [ sin(2 ) cos(2 )] ,
2
1( ) 1 ( ) ( ) [ cos(2 ) sin(2 )]
2
  
 
c t c c t
c c t
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t ib t b t e i  c
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ρ ρ ρ Δ Δ
ρ Δ Δ
ρ ρ ρ
− γ −γ
−γ+
−γ− −
= = − +
= ± ± γ
= − − ± +
∓
 { }
+
 23,32 23 32 22 33 23 32
,
1( ) [ sin(2 ) cos(2 )] ,
2
 
 
t
c c c c tt i Jt Jt eρ −γ+ − −= ± ±  
     (10) 
where the corresponding time-independent coefficients ,  (ic ib 1, 2i = ), and the time-dependent 
coefficient  are as follows a
2
1 2 1 14 41 1 2 112 2 2 2
11 1 2 2 1 1
2 1 1 1
    
 
2
4 4
[(2 ) (2 ) (2 (2 )]
( 2 1)   
c c
c  t
t .
c , c , b i c , b =
a i b b sin t b i b cos t c
     e b c i b c
Δ Δ
Δ − Δ Δ Δ
Δ
− −
γ
2γ
Δ γ= = = + γ+ γ + γ
= + γ + + γ )
+ − − − γ
 

44 2c ,
e
+
)
        (11) 
In the above two equations the abbreviations ( 0 
c c
 ij ij tρ= =  and   ( 0) ( 0c c c ij kl  ij  klt tρ ρ± )= = ± =  
are defined for the sake of simplicity of representation (the same notations will be used throughout 
this paper). 
When subject to dissipative environment, our results show that both the concurrence  of the 
channel state and the average fidelity 
C
F  of standard quantum teleportation are exactly the same 
for  and   0 0Bell Bell(0) |cρ ψ ψ= 〉〈 |   3 3Bell Bell (0) |cρ ψ ψ= 〉〈 | , as well as for   1 1Bell Bell(0) |cρ ψ ψ= 〉〈 |  and 
, the only difference is that the corresponding Bloch sphere for   2 2Bell Bell(0) |cρ ψ ψ= 〉〈 | outρ  may 
shrink along different directions (see the following text for more detail), thus for the ease of 
representation, we restrict our consideration only to the cases of  0,1 0,1Bell Bell (0)   |cρ ψ ψ= 〉〈 |  in the 
following discussion of standard quantum teleportation. The cases for  2,3 2,3Bell Bell (0)   |cρ ψ ψ= 〉〈 |  can 
be analyzed analogously. 
 
Fig. 1. (Color online) Concurrence  of the channel state versus the anisotropic parameter  and time  
when the system subject to dissipative environment, where the decoherence rate is given by . The top and 
the bottom panels correspond to the case of the channel state  evolves from  and 
, respectively. 
C ( )c tρ  Δ t
γ 0.05=
( )c tρ 0 0Bell Bell (0) |c   ρ ψ ψ= 〉〈 |
|1 1Bell Bell (0) |c   ρ ψ ψ= 〉〈
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   Before discussing quality of the teleported state, we first see how the dissipative environment 
affects entanglement dynamics of the channel state , for entanglement has been considered 
as an essential resource for teleportation [1, 5]. In order to measure quantitatively the amount of 
entanglement associated with , we consider the concurrence, a function introduced by 
Wootters [17], equals to 1 for maximally entangled state and zero for separable state, defined as 
( )c tρ
( )c tρ
1 2 3 4 max{0, }C λ λ λ λ= − − − , where iλ  ( i 1,2,3,4= ) are the square roots of the eigenvalues of 
the spin-flipped operator 2 2 2 2 )c c( ) (R ρ σ σ ρ σ σ⊗ ⊗= ∗
c
 in decreasing order of magnitude, with 
ρ ∗ c being the complex conjugation of ρ . The concurrence is available no matter whether cρ  
is pure or mixed. For the case of Bell Bell(0)   |ρ ψ ψ  c i i= 〉〈 |  ( 1,2,3,4i = ), it follows from Eq. (10) 
that the parameter J  though appearing in the system Hamiltonian does not contribute to  
because . For this reason, in Fig. 1 we only display plots of the concurrence 
 versus the anisotropic parameter 
( )tρ c
c c= =22 33 23 32 0− − 
C Δ  and evolution time , where the top and the bottom panels 
correspond to the case of  evolves from the initial Bell states 
t
( )tcρ 0 0cρ ψ ψ Bell Bell    (0)  |= 〉 〈
1 1cρ ψ ψ= 〉 〈
|  and 
| , respectively, and the decoherence rate is chosen to be . One can 
see that the concurrence is invariant under the substitution 
 Bell Bell    (0)  | γ 0.05=
   Δ Δ→ −  (one shall see that the same 
applies to the average fidelity of standard teleportation, the purity of the channel state as well as 
shrink factors of the output state), and for fixed values of Δ , the entanglement of the channel state 
is suppressed by the dissipative environment with increasing time . Moreover, for  
evolves from 
( )t  cρ cρ
0 0cρ ψ ψ
t ( )t
Bell Bell (0)  |  = 〉 〈 |
γ 2γ / 2t t− − cρ
1 1c |
, the concurrence may be increased to some extent, though it 
is not obvious in the short time region from this figure, by properly enlarging the absolute values 
of . Particularly, when  one can obtain . For  evolves 
from , however, the concurrence may be weakened by enlarging the absolute 
values of  in the short time region (for the parameters chosen in Fig. 1, 
Δ    | |  Δ γ ( 1)C e e= + − ( )t
Bell Bell  (0) | ρ ψ ψ  = 〉〈
Δ 33.24t < ), and when 
 we also have . In the long time region, as can be seen from the 
bottom panel of Fig. 1, the concurrence can also be enlarged to some extent by properly increasing 
the absolute values of . 
   | |  Δ γ γ 2γ / 2t t− −
Δ
( 1)C e e= + −
 
Fig. 2. (Color online) Average fidelity  of standard teleportation versus the anisotropic parameter  and time  
when the system subject to dissipative environment, where the decoherence rate is given by . The top and 
the bottom panel correspond to the case of the channel state  evolves from  and 
, respectively. 
F Δ t
γ 0.05=
( )c tρ 0 0Bell Bell (0) |c   ρ ψ ψ= 〉〈 |
|1 1Bell Bell (0) |c   ρ ψ ψ= 〉〈
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In Fig. 2 we show dynamical behaviors of the average fidelity F  for the standard teleportation 
with the decoherence rate also chosen to be γ 0.05= . For the channel state  evolves from 
, one can note that the dissipative environment always makes the average 
fidelity 
( )tcρ
0 0cρ ψ ψ= 〉〈 |Bell Bell(0) |   
F  decreases with the increase of time  for fixed values of the anisotropic parameter t Δ , 
while for the case of  evolves from ( )tcρ 1 1cρ ψ ψBell Bell (0)  |   = 〉〈 | , F  decreases with increasing 
time  from 1 to a certain minimum value that is much smaller than  at the critical point  
(  if and increases with the increasing value of 
t 2/3 ct
ln3/ γct =   0  Δ =  Δ| | ), and then when  becomes 
larger than , 
t
ct F  may be increased to some extent, but cannot exceed the extreme value of , 
which is the maximum achievable only by classical communication [25]. Moreover, the average 
fidelity 
2/3
F  may be increased to some extent in the whole time region by diminishing the absolute 
values of  for the case that  evolves from the initial Bell state | . 
For  evolves from | , however, the average fidelity may be increased 
by enlarging the absolute values of  in the short time region, while in the long time region (for 
the parameters chosen in Fig. 2, ), as can be seen from the bottom panel of Fig. 2, the 
average fidelity of standard teleportation can also be increased to some extent by diminishing the 
absolute values of , but still cannot exceed the classical limiting value of . 
Δ ( )tρ c 0 0c
c 1 1c
Bell Bell (0)  |ρ ψ ψ  = 〉 〈
( )tρ Bell Bell (0)  |ρ ψ ψ  = 〉 〈
Δ
28.81t >
Δ 2/3
 
Fig. 3. Critical time  versus the anisotropic parameter ct Δ  when the system subject to dissipative environment, 
and the channel state  evolves from ( )c tρ 0 0Bell Bell (0) |cρ ψ ψ  = 〉〈 |  (a) and 1 1Bell Bell (0) |cρ ψ ψ  = 〉〈 |  (b), where the 
decoherence rate is given by . Note that in (a) the critical time when γ 0.05=  ct → ∞  0Δ = . 
It is also clear from Fig. 2 that for any fixed values of the anisotropic parameter , there 
exists a critical time  beyond which the performance of quantum teleportation is worse than 
what purely classical communication protocol can offer [25], i.e., when  we have . 
Fig. 3 gives the anisotropy dependence of  for the cases of the channel state  evolves 
from |  (the left panel) and 
Δ
ct
t t>   2 / 3F <
t cρ
 
0 0    (0) |cρ ψ ψ= 〉〈  1 1    (0) |cρ ψ ψ
c
c ( )t
Bell Bell Bell Bell= 〉〈 |
γ 0.05
 (the right panel), where the 
decoherence rate is still chosen to be = . For  evolves from | , 
one can observe that the critical time ct  can be increased by diminishing the absolute values  
Δ . Particularly, w 0  =  we ha ∞ , which implies that for this special case, the 
dissipative quantum channel is always superior to its classical counterpart in the whole time region. 
For the case of  evolves from 
( )c tρ  0 0    (0) |cρ ψ ψ= 〉〈
 of
hen Δ 
( )c tρ  1) |ρ ψ ψ
Bell Bell
ve ct →
1
Bell Bell    (0c = 〉〈 | ln 2 /t = γ
0 = ct Δ
, however, we have  when 
, and  may be increased by properly enlarging the absolute values of . But this 
increment is still finite, because even for the limiting case of 
c
Δ  
Δ → ∞  (which may be a difficult 
experimental task) one can only obtain ln( 2 1) /tc + γ . =
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Fig. 4. (Color online) Average fidelity of standard teleportation (a), concurrence of the channel state (b) and shrink 
factors of the Bloch sphere for outρ  versus the anisotropic parameter Δ  when the system subject to dissipative 
environment. For every plot the black and red curves correspond to evolves from |  
and | , respectively. Moreover, the solid and dashed blue curves in (b) show purity of  
versus  with |  and 
( )c tρ  0 0Bell Bell (0) |cρ ψ ψ  = 〉〈
1 1
Bell Bell (0) |cρ ψ ψ  = 〉〈 ( )c tρ
Δ 0 0Bell Bell (0) |cρ ψ ψ  = 〉〈 1 1Bell Bell (0) |cρ ψ ψ  = 〉〈 | , respectively. The other parameters for the 
plots are given by  and . γ 0.05= t = 8
To show effects of the anisotropy of the system on efficiency of the quantum channel, in Fig. 4 
we display average fidelity of standard teleportation, concurrence and purity [27] of the channel 
state , as well as shrink factors of the Bloch sphere for ( )c tρ outρ  versus Δ  at time  (this 
choice of time  is based on the consideration that in the region of 
8t =
t t ln 2 /< γ  we always have 
the average fidelity greater than its classical limiting value of ), where the shrink factor is 
defined as 
2 / 3
0| |/  δα α α=  ( , ,   x y zα = ), i.e., the smaller the value of the shrink factor is, the faster 
the Bloch sphere shrinks. Fig. 4(a) shows again that for the situation in which the channel state 
( )c tρ ves from (0) cρ delity of standard teleportation may be increased 
by diminishing the absolute values of the anisotropic parameter 
 evol 0 0|ψ ψ= 〉〈 | , the fi Bell Bell   
Δ , and wh  0     Δ =  it atta e 
maximum 2(2 ) / te − γ+  evolv m 1 1Be   (0) |cρ ψ
en ins th
. For cρ es fro ψ3 ( )t  ll Bell= 〉〈 | , how w
lity
ever, hen 0    Δ =  
the fide  F  of standar quantum teleportation attains its minimum (1 2 ) / te −γ+
be increased to some extent by enlarging the absolute values of 
d , and 3 it may 
Δ . When c nsidering the shrink 
factors   
o
δα , from Eqs. (4), (9), (10), and (11) one can show that for  0 0Bell Bell   (0) |cρ ψ ψ= 〉〈 | , the 
Bloch sp ofhere  outρ  only shrinks or strengths in
ile
 the z  direction when varying th  absolute values 
of Δ  for any fixed time t , wh  for  1 1Bell Bell   (0) |cρ ψ ψ
e
= 〉 | , it only n the 〈  shrinks or strengths i x  
direction when varying the bsolute values of  a Δ  for any fixed time t . As can be seen from Fig. 
(c), the curves for the shrink factors z4 δ  and  xδ  display similar behavio as those of the 
average fidelity shown in Fig. 4(a), which implies that the shrink of the Bloch sphere for out
rs 
ρ  in z  
and  x  axis are acc pan d by the decrement of the efficiency of standard quantum teleportation. 
Moreover, by comparing the black and red curves shown in Fig. 4(a) and Fig. 4(b) one can also 
notice that although the entanglement of the channel state ( )c tρ  for  1 1Bell Bell (0) |c  ρ ψ ψ= 〉〈  
larg  0 0Bell Bell | ψ ψ= 〉〈 |  in the reg 0.083]
om ie
than that for (0)cρ .083,
|  is
er  ion of   [ 0  Δ ∈ −
does ot enable the 
, however, it 
higher fidelity of standard teleportation. Physically, one could attribute the 
cause of the poor quality of entanglement to the fact that there is now a comparatively small purity 
for the channel state ( )c tρ  evolves from  1 1Bell Bell  (0) |cρ ψ ψ
 n
= 〉〈 |  [see th urves shown in 
ates that the concurrence C  may only describes certain aspects of the 
entanglement it cannot completely reflect the quality of the entanglement as a resource for 
e blue c
Fig. 4(b)], which in
; 
dic
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teleportation. In fact, the success of the standard teleportation protocol 0P  is determined by both 
the entanglement and the purity  the channel state, and only the optimal matching of these two 
quantities enables the highest quality of standard teleportation. Same conclusions will be 
corroborated in the following discussions with other system parameters as well as other scenarios 
of decohering environments. Also we would like to mention here that a similar conclusion has 
been demonstrated by Lee and Kim [5], who showed that purity of the initial state determines the 
possibility of the entanglement teleportation. Here we demonstrated further that purity of the 
channel state is also very important in determine the quality of the teleported state. 
 of
 
currencFig. 5. (Color online) Average fidelity of standard teleportation (black curves), con e (red curves) and purity 
(blue curves) of the channel state ( )c tρ  versus time t  when the system subject to dissipative environment. For 
every color the solid and the dash ves correspond to 0 0Bell Bell (0) |cρ ψ ψ  ed cur = 〉〈 |  and 1 1Bell Bell (0) |cρ ψ ψ  = 〉〈 | , 
respectively. The horizontal dotted line at 2 / 3F =  show r cla
quantum state. The other parameters for the p iven by Δ
s the highest fidelity fo ssical transmission of a 
lots are g = 0  and γ 0.05= . 
In the following, we study in detail the relations between average fidelity of standard quantum 
teleportation of the single-qubit state | in 〉ϕ  via the protocol 0P , entanglement and purity of the 
channel state ( )c tρ , and shrink factor ( )out tρ  for the special case = 0s of Δ  , which enables an 
analytical ana For ( )c tρ  evolves from  0 0Bell Bell  ) |ψ ψlysis.  (0cρ = 〉〈 | , fro  (10) and (11) one 
can derive its nonzero el s as 11 ( )c t eρ − γ= 2 / 2 t  te − γ+ , 14,41 ( ) / 2c  tt eρ −γ= , 
and 222,33 ( ) ( ) / 2c  t  tt e eρ −γ − γ= − . Th  E
m Eqs.
ement 2 / 2 t , ( )c t eρ −γ= −
q. (4) yields 
44 1
is, together with
2 2 2
0 1,2 3),  ( ),  (1 2 ).2
    t te e e e e− γ −γ − γ1  t t t−γ − γ(11 1= + = − = − +2 2χ χ χ        (12) 
Since , one can conclude from Eq. (12) that when 
ximum average fidelity, whic
 0,1,2,3 [ ( )] max { }c m mtρ == χF 0 we obtain m =  
the ma h is given by 
21 (2F e= + ).
3
 t− γ                             (13) 
Moreover, the concurrence and purity of the channel state  at an arbitrary time can also 
3 4 t              (14) 
From the above two equations, one can see that both the average fidelity of st
tele
 ( )c tρ t  
be obtained analytically as 
2 2,  1 2 3 2 . t t t tC e P e e e e− γ −γ − γ − γ − γ= = − + − +
andard quantum 
portation and the pairwise entanglement of the channel state ( )c tρ  decay exponentially with 
increasing time t  (see also the solid lines presented in Fig. 5), and verage fidelity approaches 
infinitely close to the value 2/3  while the concurrence goes to zero asymptotically when t → ∞ . 
This indicates that the dissipat e quantum channel always enable standard quantum telep  
of one-qubit state with fidelity better than any classical communication channel since 2 / 3F >  in 
 the a
iv ortation
 - 9 -
the whole time region. Thus although quantum teleportation does require the quantum l to 
be entangled, a nonzero critical value of minimum entanglement is not always necessary, which 
has been observed previously by Zhou et al. [16] and is in contrast to several previous studies [5, 
10, 11, 14]. Moreover, by combination of Eq. (13) with the first expression of Eq. (14) one can also 
obtain (2 ) / 3F C= + , i.e., when ( )c tρ  evolves from the initial state   0 0Bell Bell (0) |cρ ψ ψ
 channe
= 〉〈 | , the 
larger th nt of the cha ate is, the higher the average f tum 
teleportation achievable. As for the purity of the channel state ( )c tρ , one can derive from Eq. (14) 
that 
e entangleme nnel st idelity of standard quan
P  decreases with increasing time t  in the region of  t   ln 2 /< γ , while out of this region, it 
begin to increase with the increase of time t . However, as  from Fig. 5, the increment 
of the purity of ( )c tρ  in the region of ln 2 /t γ  does not help to enhance the teleportation 
fidelity, which m caused by the fac entanglement of the channel state ( )c tρ  is 
weakened with increasing time t  during this region. This phenomenon demonstrates a hat 
only the optimal matching of the ntanglement and purity of the channel state ensures the highest 
fidelity of standard quantum teleportation. 
s  can be seen
>
ay be t at the  th
gain t
 e
 
, ,  x y zα =Fig. 6. (Color online) The shrink factors δα  ( ) versus time when th ystem subject to dissipative 
 p v
 t  e s
environment, where the top and the bottom anels correspond to ( )c tρ  e olves from 0 0Bell Bell (0) |cρ ψ ψ  = 〉〈 |  and 
1 1
Bell Bell (0) |cρ ψ ψ  = 〉〈 | , respectively. The other parameters for th  are given by e plots Δ = 0  and γ 0.05= . 
 
Fig. 7. (Color online) The distortion of the Bloch sphere when the system subject to ent. The dissipative environm
gray transparent plots show the Bloch spheres for the initial state inρ , while the chromatic opaque plots show the 
distorted Bloch spheres for ( )out tρ . (a) 0 0Bell Bell (0) |cρ ψ ψ  = 〉〈 | , 8t = ; (b) 0 0Bell Bell (0) |cρ ψ ψ  = 〉〈 | , 32t = ; (c) 
1 1
Bell Bell (0) |cρ ψ ψ  = 〉〈 | , t =  cρ8 ; (d) 1 1Bell Bell (0) |ψ ψ  = 〉〈 | , 32t . The other p= ot iven arameters for the pl s are g
by Δ = 0  and γ 0.05= . 
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Now we analyze how t issipative environm fec
 increasi  time for the case of cρ evolves from 0 0cρ ψ ψ
he d ent af ts shrink rates of the Bloch sphere for 
ρ with ng( )out t t  ( )t   Bell Bell   (0) |= 〉〈 | . From 
Eqs. (9) and (12) one can obtain the three components of the Bloch vector rK  for the output state 
( ) as sin cos tx eout tρ  θ φ−γ= , sin sin ty e θ φ−γ= , and    2(1 2 2 )cos  t tz e e  θ−γ − γ= − + , which give 
rise to   tx y eδ δ −γ= = , and t tz e eδ 21 2 2  − γ − γ= − + . Clearly, both the shrink factors  xδ  and  yδ  
decay exponentially with increasing time t , while zδ  decreases when t      0t =  
to    ln 2t = γ tica
 increases from
 /  (at this cri l point  zδ  attains its minimum 1/ 2 ), and then, it begi  increase 
with the increase of time t  and goes to 1 ptotically when t → ∞ . Moreover, from the top 
panel of Fig. 6 one can also note that the shrink factors  
ns to
 asym
xδ  and  yδ  are slightly larger than that 
of  zδ  in the region of ln 2 /t < γ , which implies that in this region the Bloch sphere shrinks 
faster in z  axis than that in the x - y  plane. A more intuitive plot n in the top two panels 
of Fig. 7, in which we display the Bloch sphere representation of ( )out tρ  for the case of ( )c tρ  
evolves from  Bell   (0) |cρ ψ
 is show
0 0
Bellψ= 〉〈 | , from which one can also note that when ln 2 /t < γ  (e.g., 
8t = ), the dissipative environment makes the Bloch sphere shrinks in x - y  plane uniformly and a 
little slower than that in z  axis. When ln 2 /t > γ , since  xδ  and  yδ  continue to decrease while 
z δ  begins to increase with increasing value of time t  (see the top panel of Fig. 6), the Bloch 
sphere continually shrinks in x - y  plane and begins to stretch in z ich makes it quite like 
an erect rugby [see Fig. 7(b) for 32t = ]. 
For the situation in which the channel state ( )c tρ  evolves from  1 1Bell Bell (0) |     cρ ψ ψ
 axis, wh
= 〉〈 | , Eqs. 
(10) and (11) allow the non  elements of ( )c tρ  to b  written more explicitly as 
c  tρ − γ= cρ
zero e
22,33,23,32 ( ) / 2t e  and 44 ( ) 1t e  t−γ= − . Af on by subst o Eq. 
(4) we obtain 
ter calculati ituting this result int
0,3 1 2(1 ),  ,  0.  t te−γ= =χ χ χ                       (15) e−γ1= −2
Different from that of evolves from ( )c tρ       0 0Bell Bell (0) |cρ ψ ψ= 〉〈 | , t
) in the present case is dependent on the values of t
{ }c =χ en
he relative magnitudes of mχ  
ime t . If ln 3 /t < γ , we have ( 0,1, 2,3   m =
  0,1,2,3 1[ ( )] max m mtρ == F χ , i.e., wh  1m =  we obtain the
d fo
 maximum average fidelity
ln 3 /t > γ , however, 
   0,1,2,3 0, 3[ ( )] max { }m mtρ == = F χ χ , i.e., now the maximum average fidelity 
is ach r both the cases of 0m
. If 
c
ieve =  and 3m = . Thus the average fidelity in the whole time 
 be expressregion can ed as 
  
ln 3 / ) ,
 te−γ
ln 3 / 
1 2 (
3
2 ( ) ,
3
 t
t
t
F
e−γ
≤ γ
> γ
+⎧⎪= ⎨ −⎪⎩
                            (16) 
Moreover, the concurrence and purity of the channel state
t                          (17) 
It is clear from Eq. (16) that the average fidelity
( )c tρ  are given by  
2,  1 2 2 .  t tC e P e e−γ −γ − γ= = − +
 F  of standard quantum teleportation decays 
exponentially when time increases from t  0t =  to ln 3 /t = γ , at which F  attains its minimum 
valu best p
 
e min 5 / 9F = , which is slightly smaller than the ossible score 2 / 3  achieved by purely 
classical communication [25]. When t  increases after ln 3 /> γ , however, t F  begins to increase 
monotonously with the increase of time t  and approaches to its asymptotic lue 2 / 3  in the limit 
of t → ∞  (see the black dashed curve shown in Fig. 5). Moreover, it follows from Eqs. (16) and 
(17) that in the region of ln 3 /t < γ  we have (1 2 ) / 3F C
 va
= + , while out of this region we have 
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(2 ) / 3F C= . Therefore in the region of ln 3 /t > γ  we obtain again that the large amount of 
entanglement for the chan ( )c tρ  does  high fidelity of standard quantum 
gain due to the relative small he channel state (see the blue dashed curve 
shown in Fig. 5). In Refs. [18, 19], t hors argued that the entanglement is a genuine resource 
for teleportation even if noises are involved, however, as indicated by the dashed curves shown in 
Fig. 5, this conclusion is not universal because in the present case the entanglement measured by 
concurrence does not become zero when 2 / 3F
−
nel state ure the
teleportation, a purity of t
 not ens
he aut
< . 
When considering the shrink factors for ( )out tρ , Eqs. (9) and (15) allow them to be written 
analytically as      | 2 1 | tx eδ −γ= −  and  tyδ  z eδ −γ= = , where for the case of we have 
cho alyzed
ln 3 /t > γ  
sen 3m =  (the case for 0m =  can be an  similarly). Clearly, both  yδ  and  zδ  decay 
exponentially in  regio the whole time n, while xδ  in ng titially decreases with increasi e t  and 
attains i imum value 0 critical point ln 2 /t
im
ts min at the = γ , then when lnt > γ , it gins to 
increase with the increase of time t  and approa es to its maximum 1 finally. Moreover, from the 
plots shown in the bottom panel of Fig. 6 one can lude that the  environment 
makes the Bloch sphere shrinks i  
2 /  be
ch
 also conc dissipative
n x  axis faster than that in y - z  plane over the time region 
between 0t =  and ln 2 /t = γ  [see also Fig. 7(c) for 8t = ], while out of this region, the Bloch 
sphere continues to shrink in y - z  p ne and begins to stretch la in x  axis, thus it is quite like an 
rugby lyin he g on t x - y  plane [see Fig. 7(d) for 32t = ]. 
Before ending this section  would also like to point out t t as indicated by the above 
discussions, differe ll states generate differen h spheres 
, we ha
nt Be t Bloc for the teleported state (see Fig. 
7), 
We now discuss standard teleportation of the one-qubit state with the noisy environment acting 
nsider the channel state (prepared 
by 
and this does not happen when implementing the standard teleportation protocol through ideal 
quantum channel, thus depending on the nature of the Bloch sphere, various Bell states distributed 
by a third party and shared by Alice and Bob may be distinguished. 
4. Teleportation in noisy and dephasing environment 
on the quantum channel. Similar to the above section, we still co
a third party at 0t =  and transmits to Alice and Bob down a noisy channel) (0)cρ  in an “X” 
formation [26], for which the density matrix ( )c tρ  can be obtained analytically, which is of the 
same form as that e sed in Eq. (10), with however the parameter γ  being sub d with 2γ , 
and the other parameters 1c , 2c , and a  in Eq re now given by 
xpres stitute
. (11) a
1 1 4 41 2 11 44 ,  = ,c cc c b b− −
  
  
2 1
1 2 11 442 4
0,
sin(2 ) cos(2 ) 1 1 .
2 4
c
t tib t b ta e eΔ Δ +γ γ
= = =
+ 2 −= + + 4
 
            (18) 
When evolves from prepared by a third party in the form of any one of the four 
maximally entangled Bell states, lculation shows that they give completely the same results 
for rage f rd tel
 ( )c tρ   (0)cρ  
 our ca
 the ave idelity of standa eportation, entanglement and purity of the channel state, the 
only difference is that the corresponding Bloch spheres for ( )out tρ  may shrink along different 
directions. Thus here we restrict our concern only to the case of  0 0Bell Bell (0) |        cρ ψ ψ= 〉〈 | , for which 
the nonzero elements of ( )c tρ  are given by 11,44   ( )  (1 4c tt eρ = + , 214,41   ( )  / 2 c tt eρ − γ= , and 
4
22,33 ( ) (1 ) / 4 c tt eρ − γ= − , by substituting of which into Eq. (4) yie
4 ) / − γ
lds 
 
2 4 4
0,3 1,2(1 2 ) ,  (14
   t te e e− γ − γ − γ= ± + = −4χ χ
1 ). t1                   (19) 
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It follows from Eq. (19) and that for the 
the maximum average fidelity, which is given by 
 0,1,2,3[ ( )] max { }c m mtρ == F χ  situation     0m =  we obtain 
2 4(3 2 ). tF e e− γ − γ t1= + +6                        (20)      
The concurrence and the purity of the channel state ( )c tρ  can also be obtained analytically as 
2 4 4 81 1max{0, 2 1},  (1 2 ).
2 4
  t t t tC e e P e e− γ − γ − γ − γ= + − = + +             (21) 
 
Fig. 8. (Color online) Average fidelity of standard teleportation, concurrence and purity of the channel state
versus time when the system subject to noisy environment. Here the decoherence te is given by , and 
the horizontal dotted line at shows the highest fidelity for classical transmission of a quantum state. 
 ( )c tρ  
 t   ra  γ 0.05=
 2 /3F =  
 
Fig. 9. (Color online) The distortion of the Bloch sphere when the system subject to noisy (a) and dephasing (b) 
environments, where the decoherence rate is given by γ 0.05= . The gray transparent p ots show the Bloch sphere 
for the initial state
l
 inρ , while the chromatic opaque plots show the distorted Bloch sphere for tρ . Moreover,  out
the left panel is plotted with 5t = , while the right panel is plotted with 16t = . 
For the decoherence rate 0.05γ = , plots of the average fidelity 
( )
F , concurrence and purity C   
P  as functions of time t  in Fig. 8. As a first observat  one can find that the noisy are shown ion,
environment makes F  and P  decre sin
reg
ase monotonously with increa g time t  in the whole time 
ion, while it disentan ng the channel state in a finite time gli ln( 2 1) / 2t = + γ , which is known 
as entanglement sud  dea (ESD) observed previously by Yu and Eberly 28] and has been 
widely studied in recent years [23, 26]. Eqs. (20) and (21) also 3
den th  [
yield (2 ) /F C= +  in the region of 
ln( 2 1) / 2t < + γ , i.e., the larger the amount of entanglement of the channel state ( )c tρ  is, the 
higher the efficiency of standard quantum teleportation achievable f ase considered or the special c
here. When lnt
 in the long time l
( 2 1) / 2> + γ , since the entanglement of ( )c tρ  remains always zero verage 
fidelity of standard teleportation is suppressed by the decay of the purity of ( )c tρ  with increasing 
time t , and imit t → ∞  the average fid
, the a
elity F  decays to its asymptotic value  
1 / 2 , which corresponds to no-communication between Alice and Bob beca  fidelity can be use this
obtained when Bob merely select at random [20]. s a state 
 - 13 -
Moreover, from Eqs. (9) and (1  can derive the three shrink factors as 2  9) one     tx y eδ δ − γ= =  
4      tz eδ −and γ= . Different from those with the system subject to dissipative environment, here all 
the shrink factors decay monoexponentially with increasing time with howev
alo nel of Fig. 9 the
on of th
t , er, different rates 
ng different directions. To exhibit this more intuitively, we display in the left pa  
distorti e Bloch sphere for ( )out tρ  with time    5t = , from which one can observe that the 
Bloch sphere shrinks faster in z  axis than that in x - y  plane, which makes it quite like a flying 
saucer lying on the equatorial plane. Furthermore, it follows from 2    tx y eδ δ − γ= =  and 4 tz eδ − γ=  
that the Bloch vector rK  falls to ze  long time l t → ∞ . This means that the qubit to be 
teleported is completely depola zed and becomes a ly mixed state in this limit, and thus gives 
us the average fidelity 1/ 2F =  as depicted in Fig. 8. 
Finally, we explor average fidelity of the standard qua teleportation protocol when it is 
executed in the presence of dephasing environment. For the initial X-type state [26], if one defines 
ro in the imit 
ri  total
e ntum 
 2 216 / 2κ Δ= γ −  and 2 216 / 2Jγ − , then byν =  solving the appropriate master equation (2), 
one can obtain the nonzero elements of the channel state ( )c tρ  at an arbitrary time t  analytically 
as 
11,44 11,44 1 11 44 41( ) ( ),2
c c c ct d dρ − −= ± ±  2 14
14,41 14 41 3 11 44 4 14 41
22,33 22,33 1 22 33 2 23 32
23,32 23 32 3 22 33 4 23 32
1
1( ) ( ),
2
1( ) ( ),
2
1( ) ( ),
2
 
 
t
t
c c c c
c c c c
c c c c
e
e
t d d
t e e
t e e
ρ
ρ
ρ
−γ
−γ
+ − −
− −
+ − −
= ± ±
= ± ±
= ± ±

  
  
  
                  (22) 
where the time-dependent coefficients and id   ie  ( 1, 2, 3, 4  i = ) are given by 
/ 2 / 2
/ 2 / 2
1,4 2,3
1,4 2,3
2
2
2 cosh( ) sinh( ) ,  sinh( )
2
,  
in ,  sinh( ) . 
2
  
  
t t
t t
i
e e
e e
t td d t
e e t
Δκ κ κ κκ κ
ν2 cosh( ) s h( ) iJt tν ν νν ν
−γ −γ
−γ − γ
± γ= =
= =
        (23) 
When equals to one of the four maximally entangled Bell states, our resu
that the average fidelity of standard teleportation, the entanglement and purity of the channel state 
are completely the same, and the only difference is that the corresponding Bloch spheres 
 along
and
± γ
 (0)cρ  lts show again 
( )c tρ  
may shrink  different directions. Thus in the following discussions we only consider the case 
of  0 0Bell Bell    (0) |cρ ψ ψ= 〉〈 | , for which the nonzero elements of ( )c tρ  simplifies to 11,44 ( ) 1/ 2c tρ =  
14,41 ( ) / 2 c tt eρ −γ= , which yields  
0,3 1,2(1 ),  0. te−γ  
1= ± =2χ χ                        (24) 
Reca   0,1,2,3  max {m m== χ
 
ll that [ ( )] }c tρ F , this, together with Eq. (24) indicates that when
we obtain the maximum average fidelity, which is given by 
       0m =  
1 (2 )
3
te−γ= + ,                              
Also the concurrence and the purity of the channel state can 
F  (25)
be obtained explicitly as 
2 ).te− γ                         (26) 1,  (1
2
 tC e P−γ= = +
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Fig. 10. (Color online) Average fidelity of standard teleportation, concurrence and purity of the channel state 
versus time when the system subject to dephasing environment. Here the decoherence rate is given by 
, and the horizontal dotted line at shows the highest fidelity r classical transmission of a 
Not resen
( )c tρ   t  
γ 0.05=  2 /3F =  fo
quantum state. 
e the qualitative similarity of the p t results for F  and C  to those of the channel state 
( )c tρ  subject to dissipative environment with the addition 0 0|cρ ψ ψ of  Bell Bell  (0) = 〉〈 |  and
5 and 10), this can be easily understood because both
 0Δ   =  
(cf. Figs.  F  and here can be obtained by 
rep er u
differ h increasing i hole
 is re
c
 
ore s
n
 C  
lacement of 2γ  in Eqs. (13) and (14) with γ . Howev , the p rity of ( )c tρ  here observes 
ent dynamical behaviors for it decays monotonously wit n the w  
time region. Thus the fidelity of standard quantum teleportation  supp ssed with increasing time 
t  by the decay both the entanglement and the purity of the channel state when subject 
to dephasing environment. Moreover, by comparing the present result with that of ( )c tρ  subject 
to noisy environment, one can also finds that under the condition of the same decoherence rate γ , 
e detrimental effects of the noisy environment on teleportation seems to be m evere than that 
of the dephasing environment. 
As for the shrink factors of the teleported state ( )out tρ , by inserting Eq. (24) into Eq. (9) o e 
can obtain    t
 time t  
of  ( )tρ  
th
x y eδ δ −γ= =  and 1 zδ = . Although both  xδ  and  yδ  here decay exponentially 
with increasing time t ,  zδ  keeps a constant valu which dramatically different from 
all aper. T
e of unity,  is 
of the former cases considered in the present p his indicates that the Bloch sphere for 
( )out tρ  will shrink in x - y  plan ormly with increasing time d do not shrink in z  axis 
when the system subject to dephasing environment, which makes it quite like an erect rugby (see 
the right panel of Fig. 9). The above phenomenon also indicates that the input states | in 〉ϕ  near 
 poles on the B sphere will be teleported with large fid lities. Particularly, the fidelity 
is always the maximum 1 at  {0, }
e unif an
e
t  
the two loch 
θ π= , which correspond to states | 0〉  and | 1〉  that are 
eigenstates of the system-environment coupling operator σ σ+ −  describing the asing 
environment. 
5. Conclusions 
deph
In conclusion, by solving analytically the master equation governing the dynamical evolution 
ve presented a rather detailed investigation on the ability of the two-qubit spin 
porting an arbitrary one-qubit pure state via the standard protocol when 
bei
mi
of the system, we ha
channel used to tele  0
ng executed in the presence of different decohering environments. By examining the decaying 
features of the average fidelity of standard teleportation, pairwise entanglement and purity of the 
channel state, we demonstrated explicitly that the quality of the teleported state is deter ned by 
both the entanglement and the purity of the channel state, and only the optimal matching of these 
two quantities enables the highest fidelity of standard teleportation. The decoherence not only 
P  
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reduces average fidelity of standard quantum teleportation, but also the range of states that can be 
accurately teleported. Also our results demonstrated that under the influence of the decoherence 
environments, the corresponding Bloch sphere describing the teleported state at Bob’s possession 
may be distorted in different directions with different rates. This indicates that the different input 
states will be teleported with different fidelities. Particularly, the shape of the Bloch sphere for the 
teleported state depends on the explicit forms of the channel states Bell| iψ 〉  ( 0,1, 2,3   i = ) prepared 
initially by a third party. Since there is no difference for the Bloch sphere when using any one of 
the four maximally entangled Bell states as a resource in decoherence-free teleportation process, 
the decoherence can thus be used to serve as a signature of the type ne ributed by 
a third party. 
We also compared the robustness of the four maximally entangled Bell states in terms of their 
teleportation capacity. In the idealistic situation, they all possess the maximum entanglement and 
purity and thu
 of chan l state dist
s enable perfect teleportation of an arbitrary one-qubit state. When being executed in 
the presence of decohering environments, however, the situation will be quite different. For the 
case of dissipative environment, the initial states 0,3Bell|ψ 〉  are more robust than 1,2Bell|ψ 〉 , while for 
noisy and dephasing environments, all of them enable teleportation with exactly the same average 
fidelity. Moreover, the anisotropy of the system also plays an important role in determine quality 
of the teleportation. For initial states 1,2Bell|ψ 〉  subject issipative environment, delity may 
be enhanced by increasing the absolute values of 
 to d  the fi
Δ , however, this increment is finite because it 
cannot outperform those of the initial states 0,3Bell|ψ 〉 . For noisy and dephasing environments with 
any one of the four Bell states as initia  for the quantum channel, l state Δ  has no influence on the 
teleportation fidelity. 
Although we concerned in the present wo  standard teleportation protocol  0P  with only 
the entangled state resource subject to decohering environment, still so e novel phenomena were 
obtained. We hope th
rk the
m
ese results may shed some light on further understanding of the general 
rela
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tions between relevant quantities with respect to the quantum channel (e.g., degree of 
entanglement and magnitude of purity, et al.) and fidelity of quantum teleportation when using 
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